Novel plastics that are biodegradable, environmentally benign, and made from renewable natural resources are currently being researched as alternatives to traditional petroleum-based plastics. One such plastic, thermoplastic starch (TPS) is produced from starch processed at high temperatures in the presence of plasticizers, such as water and glycerol. However, because of its hydrophilic nature, TPS exhibits poor mechanical properties when exposed to environmental conditions, such as rain or humidity. The overall objective of this research work was to produce a thermoplastic starch based material with low water absorption that may be used to replace petroleumbased plastics. With a recent emergence of "green" polyethylene (GPE), sourced from renewable feedstock, it has become possible to develop novel biodegradable polymers for various applications. In this work, GPE was melt blended with starch in three different ways; reactive extrusion of GPE and starch facilitated by maleic anhydride (MAH) and dicumyl peroxide (DCP), melt blending of GPE and starch by extrusion, and melt blending of maleated polyethylene and starch by extrusion. Comprehensive testing and analysis has shown that all methods reduced water absorption significantly with some variations across the board.
Introduction
Over the past century the petroleum-based polymer industry has grown rapidly by creating materials that are cheap, easy to transform, hydrophobic, and biologically inert. However, several decades of using and disposing of non-biodegradable plastic has caused an accumulation of plastic waste in landfills, polluted maritime environments, and contributed to the depletion of our limited reserves of fossil fuels. In a recent marine pollution study, a staggering amount of 4256 plastic pieces per square km of ocean surface were observed, whereas up to 800 different kinds of waste marine plastics, mostly micro-sized pieces, were also recorded in same work [1] . One alternative to disposing these plastics in landfills is burning them for energy production. However, this merely moves pollution from ground level into the atmosphere in the form of carbon dioxide and other gases. Recycling also has the problem of being energy intensive and requiring selective sorting out and cleaning of waste plastic [2] . A better alternative is to minimize the quantities of non-degradable plastics used by substituting them with biodegradable plastics.
Starch has attracted attention as a suitable material for the production of biodegradable plastics due to its natural abundance and low cost [3] [4] . Starch is produced naturally during photosynthesis in plants, usually potatoes, corn, and rice [5] , and functions as the principal polysaccharide reserve material, deposited in the form of complex structures called granules [6] [7] . The two main constituents of starch granules are the polysaccharides amylopectin and amylose, composed of repeating units of α-D-glucose, Figure 1 . The major component of most starches is amylopectin and it constitutes about 70% of the polysaccharide content [8] [9] .
The OH functional group is susceptible to substitution reactions and has a high affinity for water, causing much of the problem of water absorption in starch formulations. Also, the C-O-C bond is susceptible to chain breakage [6] . A number of chemical reactions with these two groups have been studied in the literature to increase the hydrophobicity of starch [7] .
Plasticized starch or thermoplastic starch (TPS) is prepared under specific extrusion conditions and in the presence of plasticizers, such as glycerol and water [10] - [12] . Some researchers have tried to improve the water resistance of TPS by melt-blending starch with hydrophobic polymers, while maintaining the biodegradability of the overall product. Hydrophobic and biodegradable polymers such as poly(e-caprolactone) [13] , cellulose acetate [14] , poly(butylene adipate-co-terephthalate) [15] , and polylactides [16] have shown to be valuable candidates for melt-blending with TPS; however, use of these biodegradable polymers in commercial applications is restricted by their relatively high cost and poor mechanical properties compared to commodity plastics such as polyethylene (PE) and polypropylene. Researchers have also reported a low moisture absorbing TPS manufactured from a native starch using a polysaccharide produced by the fungus species Ophiostomaulmi; the modified Figure 1 . Structure of the amylose (a) and amylopectin (b) starch polymers [9] . TPS being of high tensile strength and capable to be transformed into films or molding products by casting, extrusion, injection, or compression molding techniques [17] .
Melt blending of starch with non-biodegradable polymers such as PE is a good way of improving TPS properties, but PE contents must be kept low to ensure biodegradability of the blend [18] . A new form of PE, called green polyethylene, has recently become available on the market. It is produced from the renewable material sugarcane; therefore, it seems to be a suitable material to melt-blend with starch from a marketing ("green" materials) and environmental perspective.
Developing melt-blends with satisfactory properties depends on the ability to generate a small dispersed phase size with strong interfacial adhesion, thereby improving the stress transfer between the component phases [19] . This is accomplished by using a compatibilizer that reacts with the hydroxyl groups of starch to form covalent bonds, providing interfacial adhesion [20] . Common compatibilizers used in starch mixtures are ethyleneeacrylic acid (EAA), maleic anhydride (MAH), and ethylene vinyl alcohol (EVA). MAH is the most suitable of these compatibilizers because EVA is hydrophilic and the moisture it attracts is detrimental to TPS's mechanical properties. Also, a large amount of EAA is required for compatibilization which becomes costly [21] . The reactions whereby MAH reacts with PE to form maleated PE which then reacts with starch are shown below in Figure 2 and Figure 3 , respectively.
Reactive extrusion is the simplest and most cost effective method for carrying out this two-step reaction. High temperature extrusion, usually using a twin screw extruder, is a main component of this process which accomplishes both of these reactions in a single step; thereby eliminating the need for two separate extrusion steps and ensuring reduced production costs [22] . Researchers in the past have studied the extrusion of starch with PE and found that blends containing MAH showed higher tensile strength, elongation at break, and thermal stability than those of blends without MAH [21] , however no comparative studies are found on extruded starch/PE/MAH with starch/maleated PE blends involving water absorption analysis. In this current work, an effort has been made to reduce water absorption in TPS by blending with polyethylene through three different ways; reactive extrusion of green polyethylene and starch facilitated by MAH and DCP, melt blending of green polyethylene and starch by extrusion, and melt blending of maleated polyethylene and starch by extrusion.
Experimental

Materials
Industrial grade cornstarch (11% moisture) was obtained from Casco Inc. (Cardinal, ON, Canada). Glycerol was purchased from ACP Chemicals Inc. (Montreal, QC). Green polyethylene DA-5800 (GPE) was supplied by Braskem S.A (Sao Paulo, Brazil) and maleated polyethylene (MPE) by Arkema Inc. (Philadelphia, PA). Maleic anhydride (MAH) and dicumyl peroxide (DCP) were purchased from Sigma-Aldrich (Oakville, ON).
Plasticization
Starch, glycerol, and water were mixed with a high speed kitchen mixer for 30 min. MPE or GPE, MA, and DCP were added and mixed for an additional 10 min. Compositions of the ten samples prepared are listed below in Table 1 .
The plasticization was done through a twin screw extruder, TSE 25/40, available at Center for Biocomposites and Biomaterials Processing (CBBP), University of Toronto, Canada. A representative diagram of the extruder is shown in Figure 4 , whereas, the temperature profile along the extruder barrel (from feed zone to die) is given in Table 2 .
FTIR
The study on the functional groups of GPE and MGPE was performed on a Bruker Tensor-27 spectrometer. All spectra were captured over a range of 400 to 4000 cm −1 at a resolution of 4 cm −1 with 200 scans. To investigate the reactivity of maleic anhydride with green polyethylene, GPE was extruded separately at the same processing conditions and in the presence of MAH and DCP. The extrudate was purified to remove any unreacted MAH by dissolution of PE in xylene followed by precipitation in acetone.
SEM
Specimens were fractured with a knife and the exposed surfaces were observed with a JEOL JSM-840 scanning electron microscope (Tokyo, Japan). All surfaces were coated with gold to avoid charging under the electron beam. The electron gun voltage was set at 15 kV. The micrographs of samples were taken at magnifications of 200 to identify cracks, holes and other changes on the surface of the samples.
TGA
The thermal properties of the blends were measured with a TGA Q500 type thermal analyzer purchased from TA Instruments (New Castle, DE). Sample weight varied from 1 to 5 mg. Samples were heated on a platinum pan from ambient temperature to 600˚C at a heating rate of 15˚C/min. Results shown for each sample are from a single measurement. Derivatives of TGA thermograms were obtained using TA Instruments Universal Analysis software.
Water Absorption
Water absorption (WA) of each sample was measured by first preparing 2 × 2 square inch thin film specimens using a model ARG-450 hydraulic press supplied by Dieffenbacher N.A. Inc. (Windsor, ON). Samples were pressed for 4 min at 160˚C and 500 kPa, cut into square specimens, and dried overnight in a desiccator. Dried specimens were placed in a desiccator containing distilled water at room temperature (23˚C, 100% RH) and weighed every 24 h. WA of each specimen was calculated by the following equation:
where W a is the weight of the specimen at a specific time interval and W i is the initial dry weight of the specimen. Equilibrium was assumed to be reached when the difference between successive WA values was less than 1%. The result of each sample represents the average of five specimens.
Results and Discussion
FTIR
Maleic anhydride, after grafting onto PE, exists in the form of succinic anhydride. In FTIR spectra the presence of 5 membered anhydride rings, such as succinic anhydride is shown by a peak in the area of 1790 cm −1 . If any unreacted MAH remains after the purification it is shown by the peak at 698 cm −1 , attributed to the C=C bond in MAH [21] . Figure 5 exhibits the spectra for unreacted green polyethylene and green polyethylene extruded with MAH and DCP. In the reacted sample, a peak at 1790 cm −1 caused by the asymmetrical stretching vibration bond of anhydride groups is present. This verified the fact that MAH grafted onto GPE in the presence of DCP, and may be used as compatibilizer in TPS/GPE blends during extrusion. The spectrum for the unreacted GPE shows no peaks at 1790 cm −1 and 698 cm −1 . This indicates that there are no anhydride groups in the sample, as expected.
Morphology Study
The SEM image of TPS at 100× magnification is shown in Figure 6 . The image mostly represents a smooth surface with some roughness and pits caused by the physical slicing during sample preparation and due to some unplasticizedstarch granules. This kind of TPS imagery is supported in literature by others [23] . Figure 7 represents SEMs of different blends of starch and GPE samples. Some starch particles remained unplasticized and were removed from the surface of the blends during the fracture of the specimen, leaving some pits in the fracture surface, clearly visible at 500× magnification in Figure 7(b) . There appears to be phase separation between starch and GPE in all samples, more prominent at a higher GPE content, Figure 7(c) . This lead to the fact of poor interfacial adhesion between TPS and GPE due to processing of structurally dissimilar polymers [4] .
The SEM images of the MGPE samples are shown in Figure 8 . As with the GPE samples, some starch particles remained unplasticized and are visible in the images, especially in Figure 8(c) . In this case, the addition of MAH has enabled a continuous phase among TPS and GPE due to better compatibility.
Shown in Figure 9 are SEM images of the MPE samples. Again, some starch particles remained unplasticized likely from MPE interference as explained above. TPS and MPE combined in a mostly continuous phase as with the MGPE samples. Again, this was a result of maleic anhydride improving the compatibility between TPS and PE.
Thermal Analyses
TGA results for all blended samples are shown in Figure 10 (a)-(c) where GPE and TPS curves serve as reference data. In the case of all GPE, MGPE, and MPE samples, there were three well defined shifts in the TGA curve. First, at around 100˚C, water evaporation and unreacted MAH sublimation (in the case of MGPE) caused the initial weight loss. Weight loss continued gradually as water continued to evaporate along with glycerol (starting at 150˚C). A second major shift occurred from 300˚C to 350˚C where the thermal degradation of starch occurred. Finally, the third shift was a result of PE degradation beginning at 450˚C. Derivative TGA curves for all PE/TPS samples are shown in Figure 11 (a)-(c) with PE and TPS as references. Table 3 represents the data extracted from the derivative TGA curves for all pure polymers and TPS blends tested. T 5% , the temperature corresponding to 5% weight loss of the sample showed no discernable trend with respect to amount or type of PE for the GPE and MPE samples. However, for the MGPE samples the T 5% values increased with the amount of PE, indicating an increase in stability of the blends. Perhaps this trend was not seen for the GPE and MPE samples because these blends were not as compatible; therefore, increasing the amount of PE in these samples did not further increase the stability of the blends because the PE portion was not strongly associated with the less thermally stable starch portion.
Starch T max and PE T max values correspond to the maximum rate of degradation for starch and PE, respectively. There was no trend evident in the starch T max values for the blended samples, which all have a T max value close to that of TPS. Therefore, it does not appear that any significant starch degradation occurred in all three types of TPS/PE blends. PE T max values for the MPE blended samples are similar to the value for pure MPE, indicating no PE degradation.
An interesting phenomenon was observed in the derivative TGA curves for the GPE and MGPE blended samples. The derivative TGA curves for pure GPE and MGPE displayed a wide degradation temperature range as a result of the composition of GPE. GPE is a branched co-polymer of ethene and butane and since it is produced from a natural source the chain length and branching amount vary considerably, resulting in a wide range of degradation temperatures. However, in the case of the GPE and MGPE samples blended with TPS, the degradation temperature range was reduced and shifted to approximately 480˚C from 380˚C. One possible explanation could be that starch char remaining in the sample absorbed heat and limited heat transfer to PE, thus increasing the temperature at which PE degraded.
Water Absorption
Results of water absorption testing of all starch blended samples, done at 100% relative humidity and room temperature, are shown in Figure 12 . TPS is shown as a reference and the value for TPS water absorption (66%) is comparable to the literature value (62%) for glycerol plasticized (50 wt%) TPS [23] . Adding polyethylene had the effect of significantly reducing water absorption below the value of TPS for all PE samples. This result is supported by the classical theory for a polymer blend that predicts the diffusion coefficient and moisture absorption of a hydrophilic polymer, stating that water absorption of the polymer blend is dependent on the weight fraction of TPS, weight fraction of hydrophobic polymer, the thermodynamic interaction energy between TPS and the hydrophobic polymer, and their respective diffusion coefficients [24] . Also, the water absorption value for all samples decreased as the amount of PE increased from 5% to 20%, except for the GMPE sample (discussed below). Again, this observation is explained classical theory which predicts the diffusion coefficient and water absorption of a polymer blend will decrease as the weight fraction of hydrophobic polymer increases. The MGPE samples displayed higher water absorption than the GPE and MPE formulations; a number of possible explanations exist for this observation. It is known that MAH causes starch destruction at high temperatures [21] ; however, no evidence of starch destruction was found in the TGA results. Another possible explanation is that MGPE interfered with starch plasticization during extrusion, leaving pits and unplasticized granules where water can pass through. Evidence for this explanation is provided by the SEM images which contain more unplasticized granules for the MGPE samples than the MPE and GPE samples. Also, it is possible that MAH bonded with starch, preventing starch plasticization. This effect was the most pronounced in the 20 MGPE sample since more PE and MAH was available to interfere with starch plasticization and this may explain why the 20 MGPE sample had higher water absorption than the 10 MGPE sample.
The MPE samples displayed the lowest average water absorption of all three sample types tested. These samples exhibited better plasticization and thus lower water absorption than the MGPE samples. Also, the MPE samples showed better interfacial adhesion than the GPE samples. All this phenomena is attributed to lower activation energy of polymer blends which facilitates better interface and reduced water sensitivity.
Conclusion
Novel TPS formulations with green and common PE were developed through melt blending and reactive extrusion facilitated by MAH and DCP. The effects of different contents of GPE and PE were studied for physicchemical properties while maintaining glycerol level at constant levels. Also studied was effect of maleated GPE and PE over a range of concentrations and comprehensive morphological, thermal and hygroscopic analyses demonstrated some predicted and also novel results. SEM micrographs consistently showed some unplasticized areas owing to one-feeder feeding system which is a common drawback of in-situ extrusion processing. SEMs also showed phase separation involving virgin GPE and TPS, whereas polymer blend of maleated GPE and TPS was more homogeneous. Same was true of common PE formulations. FTIR data supported the fact that MAH, in the presence of DCP, could be used as a potential compatibilizer for GPE-TPS systems. During thermal studies, an interesting phenomena of a wide degradation temperature range was observed for neat GPE and MGPE polymers which largely owes to their distinct chemical composition containing branched co-polymers of ethane and butane. However, TPS blends of these polymers exhibited markedly shifted degradation temperature to around 480˚C from 380˚C. In terms of moisture absorption, no statistical difference was observed among common PE and GPE formulations with TPS, although a significant reduced water absorption of up to 35% was experienced while using these polymers. The results of this study not only substantiate the earlier works but also warrant the use of new emerging biopolymers, like GPE, in the reactive extrusion formulations of TPS blends.
